SUMMARY A minimally invasive and standardized means of resuscitating cats from defined periods of ventricular flbriliation (VF) has been developed using metbods little different from human cardiopulmonary resuscitation techniques. After a 12 min arrest, the rate of successful resuscitation is greater than 90%, with a resuscitation time of 2.5 ± 0.7 (SD) mln, and a 7 day survival of 70%. All deaths could be related to a specific electroencepbalograpbic event observed acutely post-resuscitation, and were not due to obvious non-neurologic complications. The post-arrest variation in a variety of parameters (blood pressure, blood gases, etc) was minimal, and the degree of neurologic damage was severe enough to permit evaluation. Such a model is clinically relevant, and may be useful in studying the patbophysiology of global ischemia, and assessing different types of post-arrest therapy.
"
7 the use of potent anesthetics, 2 -*~u inadequate control of collateral blood supply to the brain,"
11S poor long term survival due to non-neurologic complications, 6 or lack of clinical relevancy. While induced ventricular fibrillation is the most "relevant" model system, attempts to fibrillate and resuscitate animals in workable fashion have been plagued with frequent failures during resuscitation attempts, widely variable resuscitation times with problems in standardizing the degree of injury, and high mortality.
14 "" In spite of these problems, the potential value of a usable fibrillation/resuscitation model for studies of post-ischemic therapy makes it an attractive method. The method requires minimal surgery and anesthesia, results in a reasonably predictable neurologic injury, with low complication rate, and is easily adaptable to various studies of post-arrest therapies.
Materials and Metbods Preparation
Conditioned adult cats of either sex weighing 2-4 kg were used. Conditioning involved a minimum of 30 days observation and care under the supervision of a veterinarian as well as various vaccinations (rabies, feline rhinotracheitis, calicivirus, and panleucopenia), deworming and ectoparasite treatment. Cats were fed a standard diet until the night prior to use, and were permitted water ad lib until the morning of the experiment. Anesthesia was induced with 4% halothane in oxygen. The trachea was intubated with a 4.0 mm ID endotracheal tube, and mechanical ventilation begun at a tidal volume of 15 ml/kg and rate sufficient to achieve an arterial Pco s of 30-35 torr. Two cm H,O of positive-end expiratory pressure (PEEP) were used in all cats. Anesthesia was maintained initially with halothane 1% in nitrous oxide (70%) and oxygen, using pancuronium bromide for muscle relaxation (0.1 mg/kg I.V. initially, supplemented with 0.1 mg/kg increments as needed). Atropinc 0.08 mg/kg was given I.M. after induction.
After sterile preparation and infiltration with 0.25% bupivacaine hydrochloride (Marcaine, Breon Laboratories) a small cutdown was performed, and sterile polyethylene catheters (PE-90, Becton-Dickinson) were placed into branches of the femoral artery and vein. The venous catheter was advanced into the right atrium using electrocardiographic guidance (appearance of a biphasic P-wave recorded from a wire placed through the catheter). The wound was then closed and dressed. Arterial and right arterial pressures (BP and RAP) were transduced and continuously recorded on a polygraph, along with the electrocardiogram. EEG was obtained from subcutaneous, platinum needle electrodes, and recorded on a Beckman Accutrace EEG machine, with a simultaneous record of one lead copied onto the polygraph along with the ECG and pressures. A variety of leads were used in different animals, but all cats had at least a bi-parietal, and fronto-occipital, mid-sagittal bipolar recordings (C3-C4 and Fz-Pz). Recording was routinely done at a / gain, with frequency cut-offs at 1 and 50 Hz. Esophageal temperature was kept at 37°C with servocontrolled heating lamps (Yellow Springs Instruments). End-tidal CO t was measured with an infrared analyzer (Beckman LB2), and arterial blood gases were measured with a Radiometer BMS-3Mk2 unit (sample size 0.2-0.4 ml).
Halothane was discontinued 35-45 min after induction and analgesia maintained with 70% N,O-30% O f alone for an additional 45-60 min while halothane was eliminated. Surgery was complete and the wound closed before halothane stopped, and no further handling of the animal occurred during this period. The cat was kept in a supine position at all times with the head at heart level.
To assess the completeness of halothane elimination, end-tidal expired halothane was measured in 10 cats, using a Perkin Elmer Medical mass spectograph. All samples were taken 45 min after halting halothane delivery, and 0-15 min pre-arrest.
Arrest
At the end of the halothane-elimination period, a wire was placed into the right atrium via the catheter already present. Ventricular fibrillation was induced using a 60 Hz AC current (20V RMS) passed between the right atrial wire and a subcutaneous electrode placed over the apex of the heart ( fig. 1 ). The ventilator was disconnected and the endotracheal tube plugged. On occasion, repeated AC shocks were needed to maintain VF, but any animal with a spontaneous beat occurring more than 1 min into the arrest was considered to be a failed arrest, and was immediately discarded.
Resuscitation
At the end of the desired period of arrest (12 min), cardiopulmonary resuscitation (CPR) was begun ( fig.  1 ). The ventilator was connected, and the cat ventilated with 100% O, at a tidal volume of 17 ml/kg and rate about 5 breaths/min greater than that used prearrest. Closed chest compression was begun simultaneously with the start of ventilation,* and over the next 1 min the following drugs were given in sequence: 1) sodium bicarbonate, 1 mEq/kg; 2) epinephrine, 15 Mg/kg; 3) calcium chloride 10 mg/kg; 4) sodium bicarbonate 1 mEq/kg. The effectiveness of CPR was assessed by observation of the arterial pressure trace, and an effort was made to keep diastolic pressure above 50 torr, and systolic pressure above 125 torr. About 1 min after starting CPR, a DC shock of 15-25 joules was given between external paddles placed across the mid-thorax. If this initial attempt was unsuccessful, CPR was continued and further doses of epinephrine and bicarbonate (same doses as above) were given, followed by additional DC shocks. Either before or immediately after defibrillation, all cats 810 STROKE VOL 12, No 6, NOVEMBER-DECEMBER 1981 received lidocaine 1 mg/kg and atropine 0.05 mg/kg to stabilize rhythm. All drugs were given via the right arterial catheter. Resuscitation was considered complete when systolic blood pressure was spontaneously maintained above 100 torr. Arterial blood gases were checked at 5, 15, 30, 45 and 60 min post-resuscitation (PR) (timed from the start of resuscitation), and at least hourly thereafter. Arterial PcOi was returned to control values as quickly as possible. Sodium bicarbonate was given in 1 mEq doses every 5 min until pH was greater than 7.30. It was not given faster in order to minimize transient osmotic effects on the circulation and to minimize the acute Na + load. FiO f was kept at 1.0 for 1 h, and then reduced to keep Po» between 150 and 250 torr. Tracheal suction was done immediately after resuscitation, and then as needed. PEEP was maintained at 2-4 cm H,O. For the first hour of PR, mean arterial pressure was kept above 100 torr in all animals, using I.V. fluids (5% dextrose/lactated Ringers), then above 90 torr thereafter.
No animal arrested for 12 min required pressor support unless drug treatment was being studied (see below). Arterial blood was drawn at various times before and after resuscitation, and assayed for hematocrit, plasma sodium, and potassium (Flame photometry, Corning Model 430), and osmolality (freezing point depression, Advanced Instruments). However, results were not immediately available and values were therefore not used to guide therapy.
Long Term Care
Cats were mechanically ventilated for a minimum of 3 h post-arrest, and in some studies, for as long as 24 h. During this period, animals were turned frequently, given I.V. fluids as needed, suctioned and monitored. At the end of the ICU period, paralysis was reversed with prostigmine 0.06 mg/kg and atropine 0.04 mg/kg I.V. When spontaneous ventilation was adequate (PcOj < 35 torr), the trachea was extubated and 100% O, was given by mask. All catheters and electrodes were removed, and the cats moved to a warmed (28°C) plexiglas cage with an oxygen supplemented atmosphere ( F t d = 50%), where they remained for 24-36 h until they were transferred to regular cages (room air). Cats received nursing care (cleaning, bedding, wound care, turning, chest physical therapy, etc.) for a total of 7 days following the arrest. Fluids (5% dextrose/0.2N saline) were given subcutaneously, at a rate of 60-120 ml/day, depending on urine output. Any infections at the cutdown site were cleaned and dressed, and, if needed, treated with procaine penicillin 300,000 U/kg I.M. or S.Q.
Neurologic Scoring
During the 7-day observation period, the neurologic deficit score (NDS) was assessed daily, using a preestablished scoring system (table 1), with a score of 100 indicating a "brain dead" cat (apneic, arreflexic, unresponsive) while 0 was normal. Each cat was scored daily by at least 2 persons who were unaware of the circumstances surrounding the arrest. The daily NDS was the average of the separate scores. Animals with a score of 70 or above were severely damaged, unable to eat or stand, with poor peripheral reflexes, and often showed episodic extensor posturing and frequent tremors.
At the end of 7 days, animals were anesthetized with pentobarbital and the brains fixed with perfusion (via the left ventricle and aorta) using warmed (37 °C) Trump's solution (4% formaldehyde-1% glutaraldehyde in phosphate buffer). After removal, the brains were stored in fixative at 4°C for 2 weeks before embedding and sectioning. Animals dying before the end of the 7-day period were autopsied with particular attention paid to changes in the cardiorespiratory system. 
Results
The protocol was gradually developed over a 2-year period. Only the results are reported from the most recent 55 cats in which all the aforementioned methods were strictly applied.
Anesthesia, Arrest and Resuscitation
End-tidal halothane concentration 45 min after its discontinuation (0-15 min pre-arrest), was 0.05% or less (range 0.02-0.05%, mean 0.04%).
Activation of the AC fibrillator resulted in immediate arrest of the circulation, with non-pulsatile blood pressure falling to 25 torr in 11.9 ± 4.5 (SD) sec, and below 15 torr in 29 ± 11 sec. The EEG was isoelectric in 23 ± 6 (SD) sec. Pupils were fully dilated in 75-120 sec.
A total of 55 cats began the study. Three were discarded pre-arrest due to anesthetic or surgical difficulties, and an additional 3 were classified as "failed arrests" due to soontaneous defibrillation. leavine 49 successful 12-min arrests. Only one cat could not be resuscitated. Five other animals required more than 4 min of CPR before establishing a spontaneous BP, and were dropped immediately from the protocol and sacrificed. Thus, 43 cats, or 88%, were successfully retrieved. However, of the most recent 40 arrests, 39 (98%) were resuscitated within 4 min. Mean resuscitation time was 2.49 ± 0.66 (SD) min, with a range of 1.25 to 3.83 min.
Outcome
Twenty of the 43 resuscitated cats were entered into various drug therapy groups post-arrest, and the outcome and neurologic deficits in these will be considered in a separate publication. Twenty-three cats received only the care described under Materials and Methods, although 12 were ventilated for 3 h, and 11 received 24 h of ICU care. However, there were no differences in any measured parameter, either pre-or post-arrest between these groups, and they were combined for this report. Mean resuscitation time for these 23 cats was 2.64 ± 0.75 min.
No cat died post-arrest due to technical or surgical problems. Six died before the end of the 7-day observation period (26%), but autopsy showed only mild pulmonary atelectasis and no obvious cardiovascular abnormalities. Analysis of post-resuscitation EEG's suggests that these deaths were largely predictable within 1 h after resuscitation (see below) and therefore mortality rate appears to be an integral part of the neurologic insult and not obviously due to extraneous complicating factors. Mean time of death was 2 ± 1 day post-arrest (range 12 h to 3.5 days).
Data for mean blood pressure, blood gases, Hct, and blood chemistries in these 23 cats are shown in table 2. There were no instances of hypotension (mean BP below 100 torr), and oxygenation was adequate, although transient pulmonary edema (pink, frothy fluid suctioned from the ET tube) was common during the first 1 h post-resuscitation. All animals were acidotic and hypercarbic 5 min post-resuscitation, but values were corrected within 30 min. There were no important changes in Hct, Na + , or osmolality, although K + was elevated at 5 min. Neurologic deficit scores (NDS) over the 7-day period are shown in figure 2. NDS fell from 56 ± 2 (SEM) at 1 day, to 18.2 ± 4.1 at day 7. Note that scores reflect only those animals alive on a given day (22 at day 1, 17 at day 7) with dying animals "dropping out." The mean score recorded before death (usually within 12 h before) in dying cats was 64.4 ± 4.5, and all were obviously severely neurologically damaged. There was no detectable relationship between NDS and any preor post-arrest variable (blood gases, BP, resuscitation time, etc.) with the exception of the association of a unique EEG event and death (see below).
Pathology and NDS
Evaluation of sections by an experienced neuropathologist revealed a good correlation between the severity of ischemic/anoxic injury and NDS. 
EEG Recovery
EEG activity first returned 26 ± 4 (SE) min postresuscitation (measured from the start of CPR), with a range of 20 to 30 min. Two distinctly different recovery patterns were seen. In 13 cats (arbitrarily designated "normal" recovery) the initial activity seen post-arrest was slow and sparse, progressing quickly to very short bursts (less than 1 sec) of either theta activity, or of low amplitude spindles ( fig. 3 ). Continuous delta and theta activity was present within 1-2 h, with higher frequencies appearing within 12 h. Nevertheless, by 24 h post-arrest, EEG was clearly slower than pre-arrest. In the remaining 10 cats, the recovery pattern was different. The initial EEG events post-arrest consisted of repetitive bursts of rhythmic 13-20 Hz activity, each burst lasting 6-12 sec or occasionally longer, and re-occurring up to 3 times per min (figs. 4, 5) . Maximum amplitude was 30-50 fiV. The onset of activity was sudden and was preceded either by an isoelectric tracing (i.e., it was the first activity seen), or by a few minutes of sporadic low amplitude delta activity. There was no difference in EEG return time between this and the "normal" group. Baseline EEG between the bursts was either isoelectric or very slow. By 1 to 1.5 h post-arrest, high frequency bursts were fading into a slower background, and the described activity never persisted beyond about 1.5 h post-arrest. Within 3-5 h, the EEGs in the 2 groups were indistinguishable.
There was a clear relationship between the pattern of EEG recovery and both mortality rate and NDS. In the current groups of animals, no animal with a "normal" EEG recovery pattern died before the end of the 7-day observation period. In contrast, 6 out of 10 cats that had post-arrest high-frequency bursts died, and all of these were severely damaged prior to death (NDS > 60) (table 3) .
Extensive efforts to relate the occurrence of either EEG recovery pattern to some measured pre-or postarrest variable were unsuccessful. lit In. Discussion The experimental production of complete but reversible global cerebral ischemia is difficult, 11 ' ia particularly if long term, post-ischemic survival is desired. If the goal is to halt only cerebral blood flow, then the problem is to control the collateral circulation of the brain. The concern is important since outcome can be significantly altered by persistent flow, even if that flow is extraordinarily low.
1 " 1 Attempts to control collateral circulation have involved extensive surgery, such as a thoracotomy (to clamp the innominate and subclavian arteries),* craniotomy to permit blockage of the basilar artery along with neck incisions to give access to the carotids, 1 and unoccluded collaterals. If a non-surgical approach is used, such as a high pressure neck tourniquet, prevention of brain perfusion via the protected vertebral vessels requires aggressive pharmacologic intervention, such as deep halothane anesthesia and trimethaphan-induced hypotension. 8 Elevation of intracranial pressure (above systolic BP) can produce truly complete ischemia." 1 M However, it produces a "bloodless" ischemia as blood is squeezed out of the skull, and several laboratories have shown that the presence or absence of intravascular blood components has an effect on post-ischemic physiology.
14 " " If the goal is to halt completely the entire circulation, such as by clamping the ascending aorta, the problems include the needed anesthesia, and the surgery (thoracotomy or stcrnotomy). More importantly, there is a high mortality rate due to cardiovascular complications. 8 This raises questions concerning the cardiovascular health of survivors, and whether non-fatal complications may be affecting outcome.
Several laboratories have tried to mimic the clinical situation by using induced ventricular fibrillation to produce ischemia. Success has been variable, and most commonly complicated by either a low resuscitation rate, or by a high post-resuscitation mortality, again from cardiovascular difficulties. Wolfe, in I960, 18 using a 5-min period of open chest VF in dogs under ether anesthesia, had a 100% mortality rate, with 9/10 dogs dead in less than 48 h, and 6 of these dying within 6 h post-arrest. Safar et al." produced 12 min of VF in closed chest, lightly sedated dogs (methohexital), but could resuscitate only 11 of 34 within a 5 min limit. Three of 6 dogs receiving routine post-insult care were dead within 3 days. Lin et al.
w arrested (open chest) 24 dogs for between 2 and 15 min, but since the duration of CPR needed to resuscitate the dogs varied widely, it is difficult to define clearly the duration of ischemia. Only 3 of 7 dogs could be retrieved after arrest times over 10 min. Such marked variability makes standardization of the degree of insult difficult. Myers arrested 10 monkeys for 14 min with I.V. KC1, but could resuscitate only 5. Also, the initial 4-6 min of the arrest were interrupted by intermittent reperfusion. 17 All of these difficulties have combined to make ventricular fibrillation an unpopular way of approaching the problem of global ischemia, in spite of its "relevancy."
The described model of ventricular fibrillation and resuscitation in the cat has several advantages. Anesthetic effects are minimal, since measured pre-arrest halothane concentrations were negligible, and since N,0 in the amounts used probably has minimal CNS effects. The required surgery is minor. Resuscitation can be performed in a highly standardized manner with only commonly used pharmacologic agents. The retrieval rate is high, and the range of resuscitation times is narrow. There is also no need for postresuscitation pressor agents and hypotension is not a problem, at least if potent depressants are not used (e.g., barbiturates). Post-arrest variables (e.g., blood gases, blood chemistries, etc.) are easily controlled (or altered). Lastly, survival is high (at least after a 12 min arrest), and essentially all deaths could be related to a well defined electroencephalographic pattern in the early post-resuscitation period, and thus are part of the neurologic insult rather than a "complication."
The reasons for success are not entirely clear. Species differences may play a role, and an attempt in this laboratory to extend a comparable protocol to primates was only marginally successful, due to postresuscitation cardiopulmonary difficulties. The more important factors include the following: 1) the use of healthy, conditioned animals; 2) a highly standardized resuscitation protocol (see below) with particularly close attention paid to the maintenance of an adequate BP during CPR, and 3) very close monitoring in the immediate post-arrest period, with aggressive efforts to normalize blood gases and to avoid hypoxia. A fourth factor may involve the geometry of the cat chest that makes effective CPR reasonably easy. While we cannot quantitate the effects that such care (particularly #3) has on neurologic outcome, some observations indicate it is crucially important. For example, an earlier series of 11 cats arrested for 12 min had a 7-day NDS of approximately 40, compared with a score of 18-20 for the current group. The major differences in protocol, however, were a more aggressive effort in the current group to return all parameters to normal as quickly as possible. This implies that marked variations in outcome can occur unless a highly standardized methodology is used.
The NDS curve in figure 2 suggests that a given period of circulatory arrest yields a reasonably consistent neurologic insult. Closer inspection of the data indicates that a given period of arrest produces 2 subpopulations of animals. One group ("normal recovery") had a zero mortality, and ended the 7-day period with scores equal to those shown in the figures. A second group, identified by their unique post-arrest EEGs, had a high mortality rate, with high NDS's prior to death, and thus "dropped out" of the curves. Extensive efforts to relate the EEG and mortality data to some pre-or post-arrest variable, such as resuscitation time, body weight, sex, PcOt, POi, pH, minimum or maximum BP, etc. have been unrewarding. It thus appears that this division may be an intrinsic property of the ischemic insult, or due to some unmeasured variable. It is not known whether the EEG changes described simply reflect a greater underlying injury, or whether they indicate ongoing injury post-arrest.
This study indicates that a clinically relevant and reproducible neurologic insult can be produced in cats using a standardized method for producing and reversing ventricular fibrillation. This may be a valuable method for studying the cerebral effects of global ischemia, and particularly for examining various preand post-arrest treatments intended to influence clinical neurologic outcome.
